Abstract -Xanthophylls such as canthaxanthin, astaxanthin, zeaxanthin, lutein and tunaxanthin that are widely distributed in Nature have been found to be precursors of retinoids not only in freshwater fish and marine fish (yellowtail) but also in mammals (rat).
INTRODUCTION
In many animals, the most important metabolic products of carotenoids are the retinoids, and the metabolic reactions of carotenoids in animals are essentially oxidative. However, pathways of reductive metabolism have recently been discovered, and this has opened up the possibility that xanthophylls could be precursors of retinoids (ref. 1) .
A review on xanthophylls as retinoid precursors will be presented, based upon the original literature and on the results of our feeding experiments.
The retinoids discussed so far in these studies are retinol (1) , retinal (21, 3-dehydroretinol (3) and 3-dehydroretinal ( 4 ) (Fig. 1 ).
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Retinol ( Only about 60 of the 600 known carotenoids (ref. 2 ) have been reported to be precursors of retinol, the main ones being a-carotene, ?-carotene, R-cryptoxanthin, echinenone, R-apo-l2'-carotenal and, of course,R-carotene (Fig. 2) . From the structural point of view, retinol precursors must have at least one unsubstituted R-ring attached to a conjugated polyene structure that is intact from C-7 to C-15 (Fig. 2 ) . Ho ZeaxaFthin C r v p t o x a n t h i n P -C a r o t e n e . .
Ho A n t h e r a x a n t h i n 4 Our feeding trials were conducted to demonstrate the possibility of the bioconversion of some xanthophylls such as astaxanthin, zeaxanthin, canthaxanthin, lutein and tunaxanthin into retinoids in retinoid-depleted freshwater fishes, marine fish and mammals.
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T. MATSUNO TlLAPlA Figure 7 shows the contents of retinol and 3-dehydroretinol in liver of tilapia Tilapia nilotica after feeding trials with a retinoid-depleted diet supplemented with xanthophylls such as astaxanthin, canthaxanthin, zeaxanthin, lutein and tunaxanthin (ref. 21) . The retinoid content increased in all these xanthophyll-fed groups, compared to that of the control group.
In the groups administered R-carotene and canthaxanthin, retinol predominated over 3-dehydroretinol, whilst in the groups given xanthophylls, such as astaxanthin, zeaxanthin, lutein and tunaxanthin, 3-dehydroretinol predominated over retinol.
From these results, we can conclude that these xanthophylls, astaxanthin, zeaxanthin, lutein and tunaxanthin, were probably directly bioconverted into 3-dehydroretinol without being first transformed into retinol (Fig. 8) .
Recently, the bioconversion of astaxanthin rainbow trout has been reported by Guillou
Mg/Ind. H O 0 C a n t h a x a i t n i i 0 A s t a x a n r h i n 8-Cororpne 23) . In all the xanthophyll-fed groups, i.e. with canthaxanthin, astaxanthin, zeaxanthin and lutein, the retinoid concentration markedly increased, compared with that of the control group, and the retinoid fractions comprised a large amount of 3-dehydroretinol and only a trace of retinol except for the canthaxanthin group. From these results, it is assumed that these xanthophylls were directly bioconverted into 3-dehydroretinol, whereas canthaxanthin was reductively bioconverted into retinol and the retinol thus formed was oxidised to 3-dehydroretinol. With respect to its liver retinoids, the black bass is a typical 3-dehydroretinol-type freshwater fish.
A Y U Figure 10 shows the results of feeding experiments with ayu Plecoglossus altivelis (ref. 2 4 ) . In all test groups that were fed the xanthophylls and those that were fed R-carotene and R-cryptoxanthin which are known as retinol precursors, the concentration of retinoids increased compared with that of the control group. With respect to its liver retinoids, the ayu is a retinol-type freshwater fish.
Xanthophylls as precursors of retinoids
MgIInd. feeding experiments.
YELLOWTAIL
We have studied the bioconversion of administered astaxanthin in the eggs of a marine fish, namely yellowtail Seriola quinqueradiata during embryonic development (ref. 2 5 ) . Figure 11 shows the composition of the feed used in this experiment and procedures for sampling eggs at different stages during embryonic development. The yellowtail was reared first on fresh mackerel, followed by moist pellets, and finally with moistpellets containing antarctic krill oil, and were then injected with gonadotropic hormone to promote ovulation. Eggs were removed after two days; both immature eggs (Sample No. (Fig. 13) , because no transport of material occurs through the egg membrane in such a closed system as fish eggs during embryonic development. Figure 14 shows the retinol content in the liver of weanling male rats after feeding trials (ref. 2 6 ) . There is a significant difference between most xanthophyll-fed groups and the control group, except that there is little significant difference between the tunaxanthin and lutein groups and the control group. A large amount of unchanged 3-dehydroretinol and a comparatively small amount of retinol were found in the liver of the rats that had been administered 3-dehydroretinol. This indicated that some of the orally administered 3-dehydroretinol was reductively metabolized to retinol. To our knowledge, this is the first finding of the reductive bioconversion of 3-dehydroretinol into retinol (Fig. 15) . A large amount of retinol was found in the group fed R-carotene, compared with that in any xanthophyll-fed group. Each of the xanthophylls was less efficiently bioconverted into retinol than was R-carotene. After feeding rats with canthaxanthin, we have observed the presence of echinenone in the rat liver extract, and have concluded that canthaxanthin was reductively metabolized via echinenone to R-carotene and then finally to retinol. In the case of the astaxanthin-fed group, a reasonable explanation for the formation of retinol is that astaxanthin is bioconverted reductively into zeaxanthin, and the zeaxanthin thus formed is metabolized to retinol via 3-dehydroretinol by a reductive metabolic reaction. A similar explanation can be proposed for the formation of retinol in the groups fed tunaxanthin and lutein.
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In conclusion, xanthophylls such as canthaxanthin, astaxanthin, zeaxanthin, lutein and tunaxanthin, which are widely distributed in Nature have been found to be precursors of retinoids not only in freshwater fish and marine fish (yellowtail) but also in a mammal (rat) as shown in Fig. 16 .
